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Abbreviations
11KT: 11-ketotestosterone
110HAA4: 11-hydroxyandrostenedione
170HP: 17-hydroxyprogesterone
210HD: 21hydroxylase deficiency
A4: androstenedione
ACTH: andrenocorticotropic hormone
CAH: congenital adrenal hyperplasia
CYP: children and young people
CYP11B1: 11-hydroxylase
DHT: dihydrotestosterone
GC: glucocorticoid
HSD11B2: hydroxysteroid 11-beta dehydrogenase 2
ICH GCP: International Conference for Harmonizatidiisood Clinical Practice
IRAS: Integrated Research Application System
LC-MS/MS: liquid chromatography tandem mass spectioy
PCOS: polycystic ovary syndrome
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REC: Research Ethics Committee

T: testosterone

Background: Monitoring of hormonal control represents a keyt pthe management in
congenital adrenal hyperplasia (CAH). Monitoringagtgies remain suboptimal as they rely
on frequent blood tests and are not specific foeea-derived hormones. Recent evidence
suggests a crucial role of adrenal-specific 11-exyged-C19 androgens in the pathogenesis
of CAH.

Objective: To establish the correlation between plasma andasgladrenal-specific
androgens in CAH as a novel non-invasive monitositngtegy.

Design: This prospective cross-sectional study recruitdgepes between 2015-2018.
Setting: Multi-center study including 13 tertiary centershe UK.

Participants: Seventy-eight children with CAH and sixty-two magdhhealthy controls.
Methods. Using liquid-chromatography tandem mass spectrgmplasma and salivary
concentrations of five steroids were measured:ydfdxyprogesterone, androstenedione,
testosterone, 11-hydroxyandrostenedione and 1ldsttsterone. The correlation between
plasma and salivary steroids was analyzed to af#seissise in clinical practice.

Results: Strong correlations between plasma and salivargisteoncentrations in patients
with CAH were detected: 17-hydroxyprogesteroge((i871, p<0.001), androstenedione
(r<=0.931, p<0.001), testosterone=(.867, p<0.001), 11-hydroxyandrostenedioge(876,
p<0.001), 11-ketotestosterone=(.944, p<0.001). These results were consistergdtent
subgroups based on gender and age. Analyzing patiegroups based on 17-
hydroxyprogesterone concentrations established ctaeelations between plasma and
salivary concentrations of the adrenal specificagein 11-ketotestosterone.

Conclusions: The present study identified tight correlationsazsn plasma and saliva for
the adrenal-derived 11oxygenated-C19 androgen fdtdstosterone, as well as 17-
hydroxyprogesterone and androstenedione, whicivalay used for monitoring treatment
in CAH. This novel combination of steroid hormomgl serve as an improved non-invasive
salivary test for disease monitoring of patienthv@GAH.

Plasma and salivary concentrations of adrenal-specific 11oxygenated-C19 androgens closely
correlate and are promising biomarkers for non-invasive therapy monitoring in congenital adrenal
hyperplasia. .

I ntroduction

Steroid 21-hydroxylase deficiency (210OHD) represéhé commonest form of congenital
adrenal hyperplasia (CAH) and occurs in about 10900 to 1 in 15,000 live births [1].
210HD results in impaired cortisol synthesis aretefore absence of the negative feedback
towards the anterior pituitary and hypothalamusiggguently, excessive ACTH secretion
leads to adrenal hyperplasia and further androgeess. In addition, two-thirds of patients
suffer from clinically apparent mineralocorticoidfetiency resulting in renal salt loss. Thus,
management of CAH entails life-long glucocorticoggphlacement, as well as
mineralocorticoid replacement in patients with éiddial salt loss. Treatment with
glucocorticoids is not only required to replaceideht cortisol but also to reduce the ACTH
drive and subsequent androgen excess [1, 2]. Mg#ta;nbalance between under-treatment
leading to androgen excess and over-treatmentigaddiglucocorticoids over-exposure
remains challenging. Thus, overall, CAH is asseciatith significantly increased mortality
and morbidity [3].

Monitoring of hormonal control represents one @& thost important cornerstones of
clinical care provision for individuals with CAH J.3Different approaches and combinations
of steroid hormones are currently used. Howeverpthjority of clinicians rely on the
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measurement of 17-hydroxyprogesterone, androstene@nd testosterone concentrations in
plasma at single or multiple time points [4]. Blamegts are invasive and distressing for

children and young people, as accurate monitoeagires frequent measurements adding up

to approximately 50 to 70 blood tests from birthite age of 18 years. Additionally, some of
the steroid hormones routinely measured are batletefrom the gonad and adrenal, which
makes interpretation of results from puberty onwariallenging.

In recent years, analytical methods in steroid lworenbiochemistry have remarkably
advanced allowing for more reliable measuremeimoomonal concentrations in saliva using
liquid chromatography tandem mass spectrometry ML&IMS) [5]. LC-MS/MS was
validated for measuring saliva concentrations foumber of steroid hormones including
cortisol, cortisone, testosterone, androstenedibgi®ydroepiandrosterone and 17-
hydroxyprogesterone [5-7]. Studies exploring c@tiehs between saliva and serum
concentrations for these hormones showed reliabelations [8-10]. In particular, it has
been suggested that salivary androstenedione ahgdi@xyprogesterone are of clinical use
in monitoring therapy in 210HD [9, 11, 12].

Recent evidence indicates a key role of adrenalel®rl1-oxygenated-C19 androgens in
the pathogenesis of CAH [13, 18upplementary Figure 1) [15]. These 11-oxygenated-
C19 androgens derive from the adrenal gland angineed1-hydroxylation by 11-
hydroxylase (CYP11B1) as well as 11-dehydrogendiipfhl-hydroxysteroid dehydrogenase
type 2 (HSD11B2). Some of these androgens, suth-&ydroxyandrostenedione, are weak
hormones serving as precursors for more potenbgeds. However, 11-hydroxytestosterone
and 11-ketotestosterone have strong androgenigtgcif a similar magnitude to that of
dihydrotestosterone (DHT) [16]. A recent study sgjgd that patients with 210HD have
significantly higher concentrations of 11-oxygemnb&19 androgens than healthy controls
[13]. Furthermore, 11-hydroxyandrostenedione andtettbtestosterone appear to correlate
with adrenal volume in patients with CAH [17]. Cexsiently, it was suggested that they
might have clinical value as biomarkers of androgeress in patients with CAH due to
210HD [18].

The present study was designed to explore thehpligsof using the measurement of
adrenal-specific androgens in saliva as effectiveinvasive methods of monitoring therapy
control in patients with 210HD. Therefore, we ainte@stablish the correlation between
plasma and salivary concentrations for adrenaliip@ndrogens that are relevant to
monitoring disease control in 210HD.

Materialsand Methods

Study design and participants

The study was conducted in compliance with the NRéSearch Ethics Committee (REC
reference 15/YH/0537), the International ConfereiocéHarmonization of Good Clinical
Practice (ICH GCP) and the Research Governancedwark for Health and Social Care
(2nd Edition).

The participants included patients with CAH agethleen 8 and 18 years, from across
the United Kingdom. Patients were recruited as qlaat prospective cross-sectional, multi-
center study of the health status of children amahg people with CAH (CAH-UK, IRAS ID
191301). Patients were recruited through 13 pastang UK regional centers
(Supplementary Table 1) [15] providing care and long-term follow-up foAE. The
following inclusion criteria were used in the reitment process: i) patients with known
CAH due to 21-hydroxylase deficiency confirmed lmyrhonal and/or genetic testing, ii) age
between 8 and 18 years and iii) capacity to assamtént and provide signed and dated
informed consent. The only exclusion criterion gstesl of pregnancy. A control group of
healthy children and young people (CYP) matchedhfm, sex and BMI was recruited by
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local advertisement placed with the associatedausitres, NHS Trusts and GP surgeries.
The following inclusion criteria were used for t@ntrol group: i) age between 8 and 18
years and ii) capacity to assent/consent and peaighed and dated informed consent.
Exclusion criteria consisted of the following: gt or present history of endocrinopathy (all
stages), ii) type 1 or 2 diabetes, insulin resistaiii) known condition of lipid/cholesterol
metabolism, iv) presence of any psychiatric disgrdecurrent or past use of psychiatric
medication, vi) glucocorticoid use within the l&stonths, vii) diagnosed learning
difficulties and/or full-scale 1Q<70, viii) medidah known to affect steroid metabolism and
iX) pregnancy.

Paired blood and saliva samples were collected fiooth patients and controls. Sample
collection was performed in the morning betweer®&0Ad 9:00 a.m. using standardized
collection methods (sample collection protocolsilatde asSupplementary I nfor mation
[15]). For patients with CAH the samples were atilel after the morning glucocorticoid
dose. The samples were obtained locally in theqyaating centers, then sent for centralized
steroid hormone analysis by LC-MS/MS.

Steroid hormone analysis

The samples were analyzed using liquid chromatdgrégndem mass spectrometry (LC-
MS/MS), measuring plasma and salivary concentrationthree parameters commonly
employed in monitoring CAH control and two 11-oxygéed C19 androgens: 17-
hydroxyprogesterone (170HP), androstenedione (&4)osterone (T), 11-
hydroxyandrostenedione (110HA4) and 11-ketotestosée(11KT). In addition,

concentrations of plasma cortisol, salivary coftesal salivary cortisone were also measured.

Salivary Methods:

The LC-MS/MS assay used for the measurement ofssglhormones concentrations and its
validation were recently described in another pgp@). Samples (30QlL unstimulated

whole saliva) and internal standard (20 were prepared by supported liquid extraction
(SLE) with dichloromethane and were reconstituted@% methanol. The internal standard
mixture contained'fC3]-(2,3,4)-17-alpha-hydroxyprogesterone, D7-(2,26115,16)-4-
androstene-3,17-dioné’C3]-(2,3,4)-testosterone, D7-2,2,4,6,6,16,16-4-Antinsl B-ol-
3,17-dione, D3-16,16,17-11-ketotestosterone. Adtetine solid phase extraction with C18
cartridges, liquid chromatography was performe@ @8 column using a water/methanol
gradient containing 0.1% formic acid and 2 mmolfraonium acetate. A Waters TQ-S
mass spectrometer operated in positive ion modeused for quantification. Total run time
was 6.4 minutes. The full validation of the assag been published previously [19]. In brief,
recovery was between 89% and 109%, ion supprebsibveen 86% and 105% for all
analytes. Intra- and inter-assay comparisons shawsxkfficient of variation (CV) <10%
and the bias between measured and nominal contentveas between -8% and 10%.
Interference with a large set of natural and syitrsteroids was excluded. The lower limits
of quantification, defined as the lowest concerdrest with a CV and a bias of <20% for 10
replicates, was 12.5 pmol/L for 170HP, 6.25 pmébit.A4 , 5 pmol/L for T , 50 pmol/L for
110HA4 , 5 pmol/L for 11KT . Post-extraction statyilwas tested for an overnight period at
10°C (170HP, A4 and T) or at€C (110HA4 and 11KT). The bias between the diredt an
post-storage analysis was between -8.4 and 8.8%/f0HP, -14.9 and 4.9% for A4, -30.6
and 19.9% for T, -8.8 and 4.8% for 110HA4 and #hd -0.5% for 11KT. Carry-over was
0.15% for 170HP, 0.62% for A4, 0.65% for T, 0.07&%%6110HA4 and 0.036% for 11KT
[19].

Plasma Methods:
Plasma samples (50 pL) and internal standard weggaped by SLE with methyl-tert-butyl-
ether and were reconstituted in 55% methanol. mtenal standard mixture was similar to
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the saliva method. Liquid chromatography was pertat on a Waters Acquity UPLC® HSS
T3 1.8 um, 50 x 2.1 mm analytical column using @aewenethanol gradient containing 0.1%
formic acid and 2 mmol/L ammonium acetate. A Wal&gsS mass spectrometer operated in
positive ion mode was used for quantification. Tata time was 4 min per sample. For all
analytes, recovery was between 96% and 109%, neftexgts were negligible (<10%). Intra-
and inter-assay comparisons showed a CV <8% anbidebetween measured and nominal
concentration was < 3% for 110HA4 and 11KT and <@%d, A4 and 170HP. Interference
with a large set of natural and synthetic sterads excluded. The limit of quantitation was
0.1 nmol/L for T, A4, 11KT, 110HA4 and 0.2 nmol/arf170HP. A rapid assay was
conducted for plasma cortisol analysis as previodstkcribed [20].

Statistical analysis

Data was tested for normality using the Shapirokwékt and non-parametric tests were
employed for data that was not normally distribufBlge Chi-squared test was used to
compare patients and controls in relation to agegs, sex and pubertal stage. Steroid
hormones concentrations between groups were cochpaneg the Mann Whitney U test. To
explore the relationship between plasma and sglivarmone concentrations we used
Spearman correlations. g\value of < 0.05 was considered statistically sigatifit. For both
patients and controls the plasma-saliva pairs wrckided from the analysis if hormone
concentrations were undetectable or could not perted due to sample inadequacy.
Statistical analysis and computation were carrigduging SPSS Statistics Software Version
25 and GraphPad Prism 7.

Results

Characteristics of participants

The studied cohort consisted of 78 patients (3®mal3 females) and 62 controls (26 males,
36 females). The median for age in the patientgreas 12.8 years, interquartile range 10.4
to 15.6 years; for controls the median for age ¥W&8 years, interquartile range 10.5 to 16.3
years. The patients were statistically similarhi® ¢ontrols with regards to gender and age
distribution &1, N=140) =0.121, p=0.72or genderX?(1, N=140) =0.025, p=0.8Tor

age), however, as expected, there were signifdiffierences between the two groups in
relation to pubertal status, with more CAH patigmessenting advanced pubertal stage
compared to control$<f(1, N=140) =11.81, p=0.008{Table 1).

In the Patients group, 13 saliva samples (16.6%#¢ weported as insufficient or
unsuitable. In the Controls group, four (6.4%)\saBamples were insufficient.

With regards to the glucocorticoid treatment, 72hef patients were treated with
hydrocortisone, with daily doses ranging from 27omg/nt per day, six patients were
treated with prednisolone with daily doses betw@ém 4 mg/m per day (hydrocortisone
equivalent of 15-20 mg/fper day).

There was wide variability in the time elapsed fritve administration of the
glucocorticoid dose and the collection of the blaod saliva samples, ranging from 0 to 15
hours 15 minutes, with a median of 2 hours 29 naswiEor the majority of patients treated
with hydrocortisone (41.4%) samples were collettetiveen 2 and 3 hours after the
glucocorticoid dose, with samples collected withihour for 5.7% patients, 1 to 2 hours for
25.7%, 3 to 4 hours for 18.5%; for the rest of plagents (8.7%) samples were collected after
5 hours from the last dose of hydrocortisone.

Plasma and salivary hormone concentrations

Plasma and salivary hormone concentrations wersfisigntly higher in patients when
compared to controls (p<0.001) for four of the nuead steroid hormones (androstenedione,
17-hydroxyprogesterone, 11-hydroxyandrostenediowkel4 -ketotestosterone). Significant
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differences were maintained for these hormones wglegroups of participants were
compared based on gender and age. No significHatatices for plasma and salivary
testosterone were found when comparing patientsanttols p=0.143for plasmap=0.681
for saliva). However, when analyzing differencesins®n subgroups based on age and
gender, plasma testosterone was significantly highemale patientgp<0.001) and

patients younger than 12 yeaps=0.008 in comparison to matched controls. By contramst, i
male participants significantly higher plasma testmone concentrations were found in
controls than in patientp£0.01). In pubertal boys plasma testosterone was sagmifly
higher in controls compared to patieris@.001) (Figure 1, Supplementary Tables 2 and

3) [15].

Correlations between plasma and saliva steroid concentrationsin patientswith CAH

In patients with CAH due to 210HD, strong corredas were detected between plasma and
salivary steroid concentrations for all the fivathones analyzed. The strongest correlations
were found for androstenediong=0.931, p<0.00) and 11-ketotestosterone<0.944,
p<0.001). Weaker correlations between plasma and salivarsnone concentrations were
detected for testosterone<0.867, p<0.00), 17-hydroxyprogesterones£0.871, p<0.00}
and 11-hydroxyandrostenediong=0.876, p<0.00) (Figure 2). We obtained very similar
results when investigating partial correlationsa@stn plasma and salivary steroid
concentrations, controlling for time elapsed froloncgcorticoid dose to sample collection
and for glucocorticoid dose for body surface a@8A): 17-hydroxyprogesterones£0.809,
p<0.007), androstenediones£0.909, p<0.00]}, testosteronea &<0.897, p<0.00), 11-
hydroxyandrostenediones£0.875, p<0.00) and 11-ketotestosterone<0.915, p<0.00}
(Supplementary Table 4) [15]. In addition, strong correlations were olvserin 210HD
patients when analyzing subgroups based on gendeaige. In patients younger than 12
years of age, the strongest relationship betwessn@ and saliva was found for 17-
hydroxyprogesterone£0.923, p<0.001) whereas in patients aged 12 to 18 years it was 11
ketotestosterone£0.962, p<0.001)hat showed the best correlation between plasma and
saliva.ln male patients, the strongest correlation wasdir androstenedione and 11-
ketotestosterone£0.932, p<0.00Xor both hormones), while in girls the correlationind

for 11-ketotestosterones£0.940, p<0.00) was slightly superior to androstenedione
(rs=0.918, p<0.00). For all subgroups of patients, the weakest tatiocsn between plasma
and saliva was detected for testosterone, witlexiception of female patients where the
correlation between plasma and saliva for testostewas comparable to that of
androstenedione&Sgpplementary Table 5) [15].

Acknowledging the markedly elevated concentratiminglasma 17-hydroxyprogesterone
that were recorded in the patient group, we andlyzgrelations between plasma and
salivary steroid hormones separately for the 4@ pt found to have 17-
hydroxyprogesterone concentrations within the cétly relevant range (0 to 60 nmol/l). We
found significant correlations for all the five i@ hormones, albeit weaker compared to the
ones obtained when including all patients in thalysis: 17-hydroxyprogesterone<0.768,
p<0.001), androstenediones£0.896, p<0.00}, testosteronea &0.729, p<0.00)}, 11-
hydroxyandrostenediones£0.770, p<0.00), 11-ketotestosterones£0.896, p<0.00]}
(Supplementary Figure 2) [15]. Importantly, 11-ketotestosterone maintaineel highest
correlation between plasma and saliva of all tleessed steroid hormones.

Correélations between plasma and saliva steroid concentrationsin the control group

In the control group, correlations between plasndhsalivary steroids were generally
weaker in comparison to the patient group: 17-hygioogesteroner~0.641, p<0.00),
androstenedione £0.925, p<0.00), testosteroner&0.787, p<0.00), 11-
hydroxyandrostenediones£0.828, p<0.00), 11-ketotestosterones£0.842, p<0.00)
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(Supplementary Figure 3) [15]. This may be explained by the fact that boitsma and
salivary steroid concentrations were significatalyer in controls compared to patients
(Supplementary Tables 2 and 3) [15]. When analyzing control subgroups we did fivad a
correlation between plasma and saliva testostdrogels, while in children under 12 years
we did not find correlations for 17-hydroxyprogestee and testosteron8upplementary
Table 6) [15].

Cortisol and cortisone concentrations

In CAH patients plasma cortisol concentrations emhfyom 14.7 to 827.3 nmol/l, with a
median of 287.3 nmol/l, saliva cortisol ranged frré to 2410 nmol/l with a median 15.7
nmol/l and saliva cortisone ranged from 0.8 to @aB#l/I with a median of 24.6 nmol/l. In 13
patients salivary cortisol exceeded plasma cortisotentrations. For these samples, the
collection time in relation to the previous hydragmone dose ranged from 90 to 205
minutes, which was similar to all other collectednples. The control group was statistically
similar to patients with regards to plasma cortesad salivary cortisone, while salivary
cortisol concentrations were significantly lowerciontrols p < 0.00) (Supplementary

Table 7 and Supplementary Figure 4) [15]. We obtained similar results when limitirtget
analysis to patients treated with hydrocortisorrer@). As expected, we found negative
correlation between the time elapsed from hydragane dose to sample collection and
plasma cortisolrg= - 0.328, p=0.00%, salivary cortisol = - 0.282, p=0.027 and salivary
cortisone &= - 0.262, p=0.03). Plasma cortisol concentrations correlated wéh salivary
cortisone (s=0.701, p<0.001)put not with salivary cortisol. However, after exding

samples where salivary cortisol exceeded plasntesobfrom the analysis, we found a weak
correlation between plasma and salivary cortisgl 0.468, p=0.002 By comparison, in
healthy controls plasma cortisol correlated wethviioth salivary cortisone<0.672,
p<0.001)and salivary cortisolr{=0.677, p<0.001) In patients with CAH, no correlation was
detected for plasma or saliva between either @yriscortisone and any of the five adrenal
steroids measure®(pplementary Figure5) [15]. This was still maintained after excluding
patients with suppressed 17-hydroprogesterone atrat®ns and controlling for the
collection time. After excluding patient sampleshna salivary cortisol greater than plasma
cortisol concentrations from the analysis, we detdgveak negative correlations between
plasma testosterone and plasma cortisel{0.270, p=0.044, salivary cortisol = - 0.305,
p=0.049 and salivary cortisone£ - 0.305, p=0.047, plasma androstenedione and salivary
cortisol fs= - 0.318, p=0.043 No additional significant relationship was foumetween
cortisol or cortisone and any of the other andreg&y contrast, in healthy controls we
found that plasma cortisol, salivary cortisol, gaty cortisone and the five adrenal steroids
correlated in plasma and saliva, especially inctee of 11-hydroxyandrostenedione
(Supplementary Tables 8 and 9) [15].

Patient classification in relation to plasma 17-hydroxyprogester one concentrations

We classified patients according to plasma 17-hgjyoiogesterone concentration, defining
concentrations within the range of 12 — 36 nmda/freormal’, less than 12 nmol/l as “low”
and above 36 nmol/l as “high”. Only 18 (23.1%) eats were found to have 17-
hydroxyprogesterone within the target range, 17rdwybrogesterone was high in 46 (59%)
patients and low in 14 (17.9%). There were no $icgnt differences between patient
subgroups based on 17-hydroxyprogesterone congentrith respect to the time elapsed
from the glucocorticoid administration to sampldextion. Hormonal concentrations in the
three subgroups showed that 11-hydroxyandrostenedind 11-ketotestosterone were
significantly higher in the subgroup with high 1yehhoxyprogesterone compared to the
subgroup within target range in both plasmp&Q.001for both 11-hydroxyandrostenedione
and 11-ketotestosterone) and salipa(.001for 11-hydroxyandrostenedione apr0.001
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for 11-ketotestosterone). Comparing the subgroubp leiv 17-hydrogyprogesterone against
normal 17-hydroxyprogesterone we found that boghlth-oxygenated steroids were
significantly lower in the suppressed group, altifothe difference was more significant in
plasma p=0.006for 11-hydroxyandrostenedione apel0.005for 11-ketotestosterone) than
in saliva p=0.021for 11-hydroxyandrostenedione aprd0.043for 11-ketotestosterone). We
found consistent statistical difference betweengttoeips of low and high 17-
hydroxyprogesterone for the two 11-oxygenated gterim both plasma and saliva<0.001)
(Figures 3 and 4, Supplementary Table 10) [15]. When comparing age and gender
subgroups of patients to their control counterpartelation to plasma 11-oxygenated
androgen concentrations, we found that in mostscesetrol values overlapped with patients
who had been classified by plasma 17-hydroxypregese as either suppressed or within
target rangéSupplementary Figure 6) [15].

As a next step, we analyzed the correlations betyéesma and salivary 11-
ketotestosterone for patient subgroups based drydibxyprogesterone concentrations. We
found strong correlations in all three subgroups/(17-hydroxyprogesterone group:
r<=0.792, p=0.004within target range groups=0.763, p=0.002and high 17-
hydroxyprogesterone group=0915, p<0.00).

Corréations of plasma 11-ketotestoster one with testosterone and 17-hydroxyprogesteronein
patientswith CAH

In patients with CAH, we found correlations betwgdasma 11-ketotestosterone and
testosterone in the patient groug=0.691, p<0.00}, as well as subgroups of age and
gender, with the exception of boys 12-18 yearsgef @=0.520, p=0.039. Interestingly, in
pubertal boys with 210HD we found that 11-ketotstgmwne and testosterone correlated
strongly in salivar=0.811, p<0.00). We found strong correlations between plasma 11-
ketotestosterone and 17-hydroxyprogesterone faualroups of age and gendeigire 5).

Discussion

This is the first study analyzing the correlatidradrenal-specific 11-oxygenated-C19
androgens between plasma and salivary concentsatiachildren and young people with
CAH. It was performed to explore the potential abeneasuring the salivary steroid
hormones including 11-oxygenated-C19 androgenssassing disease control in patients
with CAH.

Currently, 17-hydroxyprogesterone, androstenedaktestosterone are used for this
purpose. However, they all have limitations asaatbrs of adrenal excess: 17-
hydroxyprogesterone concentrations fluctuate widehelation to the glucocorticoid dose
[21], while androstenedione and testosterone aesinthesized by the gonads, which
reduces their specificity and relevance as bionrar@kadrenal androgen excess during
puberty [18]. Recent studies exploring 11-oxygetta&d 9 steroids have proven their adrenal
origin and suggested that they can serve as bi@rsadf adrenal androgen excess in CAH
[13] and women with polycystic ovary syndrome (PG(2]. Biochemical assessment of
patients with 210HD demonstrated increased coragoris of 11-hydroxyandrostenedione,
11-hydroxytestosterone, 11-ketoandrostenedionelarctotestosterone in comparison to
healthy controls [13, 14]. Moreover, in adults witAH 11-oxygenated-C19 androgens were
found to correlate with the adrenal volume as nraoke@drenal hyperplasia [17]. Our data
confirm raised concentrations of 11-hydroxyandnostione and 11-ketotestosterone in
children and young people with CAH and also sugtiedtmeasurement of these adrenal-
specific androgens are valuable biomarkers forredr@ndrogen excess and disease control
in patients with CAH.

Due to the fluctuations in adrenal steroid prectesmd hormones in relation to
treatment, single measurement of hormonal condgorisais of limited use in CAH and it
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was shown that hormonal profiles are needed inrdadeffectively monitor and adjust
glucocorticoid treatment [23]. From this perspeetiCAH is similar to type 1 diabetes,
where studies involving continuous glucose moni@tiave demonstrated better patient
outcomes associated with the number of self-manblyextl glucose measurements
throughout the day [24, 25]. Thus, we are temptespeculate that there is a need for more
suitable tests allowing for more frequent measurgroemore specific adrenal steroid
hormones in patients with CAH and that such an@aagr might improve health outcomes if
they lead to more frequent adjustments of treatroentore accurate glucocorticoid
treatment. Due to their non-invasive nature sajivasts are likely to be more acceptable for
patients, allowing for repeated measurements aitylltdamonal profiles including classical
measured parameters (17-hydroxyprogesterone, aademione, testosterone) and
1loxygenated-C19 steroids (11-hydroxyandrostenedamul 11-ketotestosterone).

Our data clearly demonstrate a very tight correfabetween plasma and salivary
concentrations of these five steroid hormones. hapdly, the best correlations were found
for 11-ketotestosterone, an adrenal-derived 11-emgiged-C19 androgen, as well as 17-
hydroxyprogesterone and androstenedione, whicligiely used for CAH monitoring [4].
These results were consistent across subgroupiehfs based on age and gender.
Correlations between plasma and salivary steramteatrations were also found in controls.
However, these correlations in controls were gdlyenat as strong as in CAH patients. This
is likely linked to the significantly lower stero@bncentrations in controls. However, this
appears to be of minor relevance to monitoringiséalse control in CAH patients, where
raised 17-hydroxyprogesterone concentrations haee buggested as treatment target [4,
26].

The correlations between plasma and salivary sterabserved in our study are generally
consistent with the findings of previous reseanglitos topic. Even before the use of LC-
MS/MS in hormonal assays, good correlations wesadan patients with CAH between
salivary and serum 17-hydroxyprogesterone and ateliedione using radioimmunoassays
[27]. More recent research conducted on 19 healthyts measuring plasma and salivary
steroid concentrations by LC-MS/MS at four timergsiduring one day showed strong
serum to salivary correlations for testosterondya@stenedione, dehydroepiandrosterone and
17-hydroxyprogesterone. The authors also repoitgdal fluctuations of these hormones in
saliva, consistent with their fluctuations in plasfi]. Other studies that focused on
measuring salivary 17-hydroxyprogesterone and ateinedione in patients with CAH
confirmed correlations between plasma and saligancentrations for both hormones [9].
Further evidence concluded that using them in coatlmn when monitoring glucocorticoid
treatment in patients with 210HD increased the eyuof the interpretation [12].
Importantly, another study involving patients wWi@liAH also found a strong correlation
between salivary and serum 17-hydroxyprogesteradedascribed a dynamic response in
the salivary 17-hydroxyprogesterone to glucoconticceatment [8]. Our findings support
this concept as the strength of plasma-salivargetations was maintained when taking into
account the time elapsed between glucocorticoie dnsl sample collection. Furthermore,
using daily profiles of salivary 17-hydroxyprogeastee was shown to be an effective method
in monitoring glucocorticoid treatment in patiemtsh 210HD [23]. However, no data exist
exploring the use of salivary measurements of advgpecific 11-oxygenated-C19 steroids
as a meaningful test to assess adrenal androgesexc

We compared patient subgroups based on a previeuglyested target range for plasma
17-hydroxyprogesterone [26] in order to explorglifketotestosterone and 11-
hydroxyandrostenedione can differentiate betweeiemta who are under- or over-treated
with glucocorticoids. A range of 12 to 36 nmol/t fslasma 17-hydroxyprogesterone as
previously suggested cutoffs for good control wasgsen for this analysis. Admittedly, while

610z AInr 0g uo 3senb Ag 9170¥5S/L€000-61 02 2l/0LZ L "0 L/10p/AEIISqE-B]DlIE-0UBADE/WSD[/WO0 dNO"dlWapede//:sdiy WOl papeojumod



THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

JCEM

LL
-
S,
|_
is
<
L
O
Z
<
>
a
<

=NDOGIN=
SOCIETY

The Journal of Clinical Endocrinology & Metabolis@ppyright 2019 DOI: 10.1210/jc.2019-00031

providing a convenient biochemical tool for clagsif disease control, 17-
hydroxyprogesterone has recognized limitations ¢chatlenge the clinical interpretation,
especially in relation to low or normal values. 3 supported by evidence suggesting that
the recommended target range for 17-hydroxyprogasteresults in overtreatment [2].
Moreover, we acknowledge that our results were dasehormones measurements
conducted at variable times after the morning giocticoid dose, which further limits the
clinical relevance of plasma 17-hydroxyprogesteroocentrations. Nevertheless, the strong
correlations between plasma and salivary 11-ketmtéssone and 11-
hydroxyandrostenedione in the subgroups with losvnral and high 17-
hydroxyprogesterone are promising with regardsi¢opotential as marker of treatment
control. Importantly, we found consistent overlaygpof both plasma and salivary
concentrations for 11-ketotestosterone and 11-hydmadrostenedione between these
subgroups, despite significant differences in therall concentrations expressed by median
with interquartile range. This finding might wek lattributable to the limited value of 17-
hydroxyprogesterone as marker of treatment comth@n not taking strictly timed samples,
which is difficult to achieve in clinical practic&he widespread individual variation of 17-
hydroxyprogesterone concentration in relation ®ttme of the day and the glucocorticoid
dose is well-established, the clinical parametensaining the gold standard for adequate
control in practice [2]. In our clinical practicee relevance of 17-hydroxyprogesterone as a
biochemical marker is limited to highlighting oveeatment, while androstenedione and
testosterone are better biomarkers for under-trerattnMoreover, we acknowledge that in our
study the time of sample collection in relatiorttie glucocorticoid dose varied among
patients, further limiting the reliability of andgens concentrations in establishing treatment
control. Such reflections emphasize the need tatiigemore reliable biochemical markers of
disease control that are less prone to fluctuations

Although overall the plasma concentrations of 1@rbyyprogesterone, androstenedione,
11-hydroxyandrostenedione and 11-ketotestoster@me significantly higher in patients
compared to controls, when analyzing the scattesy the distribution of individual
values, we identified consistent overlap betwediepts and controls. This was especially
pronounced in the case of the two 11-oxygenatedbgeds and much less noticeable for 17-
hydroxyprogesterone. On closer examination we fdhatin the majority of cases the
overlap with control values corresponded to pasigtentified to have the plasma 17-
hydroxyprogesterone either in the target or theosegsed range. This finding supports the
potential clinical usefulness of 11-oxygenated agdns in defining undertreatment in
patients with CAH. In addition, this further higiiits a need to employ hormonal profiles of
several steroid hormones as reliable biochemicalitmang for assessing disease control.

Whilst for the majority of measured hormones, higblasma concentrations were
detected in patients, this was not the case ftogesone. Plasma testosterone was
significantly higher in male controls compared talenpatients. In contrast, girls and children
of prepubertal age had significantly higher testaste concentrations compared to their
controls. This is very likely due to the dual ongif testosterone from adrenals and gonads,
with a physiological rise in healthy pubertal makesmale patients with 210HD, the
suppression of testicular-derived testosteronedgreal androgen excess explains the
differences noted between patients and controlsantirms observations in adult males
with CAH [18, 28]. The increased concentrationesitosterone in females and prepubertal
individuals is likely linked to adrenal androgercess. By contrast, 11-ketotestosterone
plasma and salivary concentrations were signiflgdngher for all patient subgroups. These
findings are consistent with those reported by ostedies that explored androgen profiles in
patients with CAH [13, 14], supporting the notitwat 11-ketotestosterone is a superior
marker of adrenal androgen excess in CAH. Of neéfound that in the overall group of
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CAH patients, 11-ketotestosterone correlated veiitasterone in both plasma and saliva with
the correlation being consistently stronger invgalln pubertal boys we found no correlation
between plasma 11-ketotestosterone and testosterpadients and controls. Another recent
study demonstrated negative correlation betweekeldtestosterone and testosterone in
pubertal males and positive correlation in pubdealales, attributing these findings to the
suppression of testicular testosterone synthesa&lsnal androgen excess in 210HD [13].
Interestingly, in the subgroup of pubertal malaguds, we found strong correlations between
testosterone and 11-ketotestosterone concentraticiagiva, despite the absence of a
correlation in plasma. This suggests that salit@syosterone is a poor indicator of plasma
testosterone, which has been suggested in prestadees [29, 30]. Possible explanations for
the discrepancies between plasma and salivarystestme relate to the different protein
content between plasma and saliva impacting obitiging and availability of testosterone
[29], as well as the conversion of testosterorentirostenedione in the salivary glands [31].
Moreover, in interpreting our results consideratiomst be given to the risk of measurement
errors related to sample storage that was rep@stddstosterone when analyzed by LC-
MS/MS [19].

Our findings related to the correlation betweerspla cortisol and salivary cortisone
concentrations are consistent with recently publisévidence [21, 32] demonstrating that
salivary cortisone provides a good reflection @igpha cortisol. By contrast, we found
salivary cortisol to be very high for a significanimber of patients, which limited its
usefulness as marker for plasma cortisol. We belibat the most likely explanation for the
dramatically raised salivary cortisol was sampletamination following administration of
oral hydrocortisone. Applying our findings to ctail practice, we would recommend that
salivary cortisol should be collected prior to tlecocorticoid dose, while samples taken
randomly or after the glucocorticoid dose shoulddsted for both cortisone and cortisol
concentrations, to allow differentiation betweerem@xposure to cortisol and sample
contamination. Interestingly, while in controls Yeeind consistent correlations between
plasma cortisol/salivary cortisone and the fiveeadl steroids measured in plasma and
saliva, this was not the case in the CAH groupnevken controlling for the sample
collection time and excluding the cases of exce$giwigh salivary cortisol. Previous
research exploring the pharmacokinetics of oraisarin children with CAH in relation to
17-hydroxyprogesterone and androstenedione profiedded contradictory results. An
earlier study using RIA for the steroid assays tbamegative correlation between plasma
cortisol and 17-hydroxyprogetsreone, but not artdre=dione, in 19 patients with non-
suppressed 17-hydroxyprogetserone [33]. Howevemr@ recent study conducted on 34
children with CAH using LC-MS/MS for hormone measments did not identify a
relationship between neither 17-hydroxyprogesterareandrostenedione and cortisol [34].
The authors attributed their results to the sigatiit interindividual variability in cortisol
pharmacokinetics and in the response of the hyfati@pituitary-adrenal axis to treatment.

A limiting factor in our study consisted of a sificéint number of insufficient/unsuitable
salivary samples, which in turn reduced the nunabg@aired samples available for
correlations to 65 for patients and 58 for contrée also acknowledge that our study
involved single time-point hormonal measurementsdid not explore the aspect of salivary
hormonal variations throughout the day. Moreovese, recommendation of the Endocrine
Society for monitoring treatment in CAH is that mmmal measurements should be timed in
relation to medication [2]. This was not feasibieour study as the timing of glucocorticoid
doses varied widely among participants; thus, esults were based on random hormonal
measurements, limiting their clinical relevancewsdwer, there is evidence indicating that in
patients with CAH adrenal androgen secretion fal@circadian rhythm that is influenced
by glucocorticoid medication [21]. In our studythalugh there was no standardization of
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sample collection in relation to the glucocorticdmse, the plasma and saliva specimens
were obtained between 8:00 and 9:00 am when andmmmecentrations are expected to be
higher. A study conducted on healthy adults undaggthe Synacthen® test identified a 60
minutes lag in the rise of salivary concentratioosipared to plasma concentrations for
cortisol and cortisone [32]. This finding highligranother important aspect namely, that the
correlation between salivary and plasma androgemdioes may be time sensitive. Thus,
further research exploring the fluctuations of\saly androgens in relation to replacement
therapy may yield more accurate information regaydheir potential use in monitoring
therapy control.

In summary, we have demonstrated a strong comel&itween plasma and salivary
concentrations of androgen hormones in patients @AH. To our knowledge, this is the
first study to demonstrate correlations betweesmpkand salivary concentrations for 11-
oxygenated-C19 androgens in children with CAH. @natings suggest that the combination
of salivary steroid hormones can serve as a naaisimg monitoring tool in CAH, which will
provide a significant amount of additional informoatand will ultimately improve
management and outcomes in CAH.
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Figure 1. Comparison of plasma steroid concentrations betwaéents (dark dots) and
controls (clear dots). The left column represeimsresults obtained for boys younger than 12
years of age (left pair of scatter columns) andol1®P8 years of age (right pair of scatter
columns) for 17-hydroxyprogesterone (A), androstieoree (B), testosterone (C), 11-
hydroxyandrostenedione (D) and 11-ketotestostef@herl he right column represents the
results obtained for girls younger than 12 yearagef (left pair of scatter columns) and 12 to
18 years of age (right pair of scatter columns)iftrhydroxyprogesterone (F),
androstenedione (G), testosterone (H), 11-hydrodyeatenedione (1) and 11-
ketotestosterone (J). The horizontal bars withéndtatter columns correspond to the median
and interquartile range. Statistical analysis warfgpmed by Mann Whitney U test. (170OHP:
17-hydroxyprogesteone, A4: androstenedione, Toséstone, 110HA4: 11-
hydroxyandrostenedione, 11KT: 11-ketotestosterone)

Figure 2. The scatter graphs show the relation between plégentical axis) and salivary
(horizontal axis) steroid concentrations in pasemith CAH for 17-hydroxyprogesterone
(A), androstenedione (B), testosterone (C), 11-bwylndrostenedione (D) and 11-
ketotestosterone (E). The upper left corner of eselter graph depicts the results of the
Spearman correlations; @nd p value). (17OHP: 17-hydroxyprogesteone, A4:
androstenedione, T: testosterone, 110HA4: 11-hyduodrostenedione, 11KT: 11-
ketotestosterone)

Figure 3. Comparison of plasma steroid concentrations betywaéient subgroups based on
plasma 17-hydroxyprogesterone concentrations: fdgtk dots), normal (clear dots) and low
(dark triangles) for androstenedione (A), testaster(B), 11-hydroxyandrostenedione (C)
and 11-ketotestosterone (D). The horizontal batisiwithe scatter columns correspond to the
median and interquartile range. The p values aedbults of the Mann Whitney U test.
(170HP: 17-hydroxyprogesterone, A4: androstenediontestosterone, 110HA4: 11-
hydroxyandrostenedione, 11KT: 11-ketotestosterone)

Figure 4. Comparison of salivary steroid concentrations betwgatient subgroups classified
based on plasma 17-hydroxyprogesterone concemsatigh (dark dots), normal (clear
dots) and low (dark triangles) for 17-hydroxypragesne (A), androstenedione (B),
testosterone (C), 11-hydroxyandrostenedione (D)ldnketotestosterone (E). The horizontal
bars within the scatter columns correspond to tediam and interquartile range. The p
values are derived from the analysis by Mann Whitddest. (170HP: 17-
hydroxyprogesterone, A4: androstenedione, T: testogse, 110HA4: 11-
hydroxyandrostenedione, 11KT: 11-ketotestosterone)

Figure5. The scatter graphs in the left column presentdlaion between plasma 11-
ketotestosterone (vertical axis) and plasma testmsé (horizontal axis) in boys less than 12
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years of age (A), boys of 12 to 18 years of age @gBls less than 12 years of age (C), girls of
12 to 18 years of age (D). The scatter graphsdmitiht column present the relation between
plasma 11-ketotestosterone (vertical axis) anchpdak7-hydroxyprogesterone (horizontal
axis) in boys younger than 12 years of age (E)slimtween 12 to 18 years of age (F), girls
younger than 12 years of age (G), girls betweeto1IB years of age (H). The results of the
Spearman correlations; @nd p value) are shown in in the upper left cooferach scatter

plot. (11KT: 11-ketotestosterone, T: testosterdT®HP: 17-hydroxyprogesteone)

Table 1. Group characteristics. The age is expressed ammetth interquartile range. The

statistical difference was explored by the Chi-sgdaest.

Patients Controls Statistical difference
Number 78 62

Age (years) 12.8(10.4-15.6) 13.3(10.5-16.3) p=0.36
< 12 years 35(44.9%) 27(43.5%) ~0.87
12-18 years 43(55.1%) 35(56.5%) p=0.

Girls 43(55.1%) 36(58.1%) o

Boys 35(44.9%) 26(41.9%) p=0.
Tanner stage

1-2 17(21.7%) 25(40.3%)

3-4 33(42.3%) 29(46.7%) p=0.008

5 22(28.2%) 5(8%)

Not known 6(7.6%) 3(4.8%)
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